INTRODUCTION
============

In recent years, the advancement of pubertal onset in gilts due to diet composition has received increased attention. Advancing pubertal onset by 30 days also advances the age of breeding, which saves feed and resources. When animals reach a certain stage, the sensitivity of hypothalamus to gonadal steroid hormones is reduced; this is coupled with increased synthesis and secretion of gonadotropin-releasing hormone (GnRH) ([@b15-ajas-29-9-1309]; [@b13-ajas-29-9-1309]). As the sensitivity of pituitary and gonads to GnRH is elevated, increased secretion of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) then promotes the synthesis of progesterone (P) and estradiol (E~2~), resulting in the start of estrus ([@b7-ajas-29-9-1309]).

Insulin, a hormone involved in glucose signaling, can function on hypothalamus directly and transmit signals regarding energy metabolism, which thereby regulates breeding performance of the animals. *In vitro*, it has been identified that insulin can enhance hypothalamic GnRH activity and mRNA expression, through the early growth response-1 protein ([@b2-ajas-29-9-1309]). Additionally, in pituitary cells cultured *in vitro*, insulin can promote the release of LH and FSH. Lastly, insulin can act on the ovary to affect the development of follicle by promoting ovulation and reducing follicular atresia ([@b1-ajas-29-9-1309]). Carbohydrates, proteins, and fats are the major dietary energy sources ([@b17-ajas-29-9-1309]). Yet glucose (composing carbohydrates), above all, contributes to the secretion of serum insulin and is important for insulin signaling. In this way, the practice of using fats as energy, instead of carbohydrates, may decrease reproductive performance in lactating sows through the absence of the effect of insulin ([@b5-ajas-29-9-1309]).

Glucose molecules, by and large, are absorbed by intestinal epithelial cells to provide energy for animals, while excess glucose is stored as hepatic glycogen or converted to other storage forms. Diet energy sources are mainly starch and fat, however, the role of glucose as the third energy source has still only occasionally been reported. In this study, feeds supplemented with different levels of glucose, starch, and fat were utilized to investigate whether glucose supplementation in diets affects growth, the age of puberty onset, and the production of serum estrogen in gilts.

MATERIALS AND METHODS
=====================

Diets and feed manufacture
--------------------------

Feeds used were commercial-type corn-soybean meal diet formulated to meet nutritional requirements of growing gilts as recommended by the [@b12-ajas-29-9-1309] and were provided by Liaoning Wellhope Agri-Tech Co., Ltd. Each group was fed with feeds consisting of the same energy level, but from different energy sources: i) starch group (SG) was free of glucose, contained 64% corn derived starch; ii) low-dose group (LDG) contained 19.2% glucose and 44.8% corn derived starch; iii) high-dose group (HDG) contained 30% glucose and 30% corn derived starch. The diet composition and nutrients level are shown in [Table 1](#t1-ajas-29-9-1309){ref-type="table"}. Gilts were allowed access to feed and water *ad libitum*. The trial lasted 60 days until the onset of puberty.

Gilt experiment
---------------

The animal care and use protocol was reviewed and approved by the Animal Care and Use Committee, Shenyang Agricultural University. Thirty six Landrace gilts at age of 162±3 days, weighing about 71.05±4.53 kg, were randomly divided into four groups, with 12 animals in each group. After 3 days of feed adaptation, gilts were weighed. The animals were weighed again at the end of the trial. Average daily gain (ADG), average daily feed intake (ADFI), and feed/gain ratio (F/G) were recorded daily. As an endogenous indicator, AIA was used for determining nutrient digestibility. Five gilts of similar condition were selected from each group and about 200 g of fecal sample from gilt was collected at 06:00 to 08:00 am on day 57, 58, and 59 respectively, and 20 mL 10% tartaric acid solution was added to fecal samples to avoid ammonia volatilization. Each fecal sample was sealed and frozen for nutrient digestibility analysis. Blood samples were collected from the superior vena cava on the day prior to the feeding trial, and on day 8, day 20 (prepubescent) after feeding, and the day of puberty onset. After incubating at room temperature for 15 min, blood samples were centrifuged at 2,000 rpm for 20 min to obtain serum.

Genital observation was used to identify puberty onset in gilts during the trial period. The gilts were observed from 8:00 to 10:00 am and 15:00 to 17:00 pm daily. Onset of puberty and time of standing heat were determined by an experienced stockperson based on behavioral and vulval characteristics. Behaviorally, standing still under applied back pressure was used as criterion to establish onset of estrus.

ADG, ADFI, and F/G were determined and used as parameters of growth performance. Blood glucose was tested using a kit purchased from Beijing Beihuan Kangtai Clinical Reagents Co., Ltd. Insulin, glucagon, E~2~, and P were detected by the Beijing Biotechnology Institute. Nutrient utilization was determined using the acid insoluble ash (AIA) endogenous indicator. The content of AIA in fecal samples was determined and the apparent digestibility of crude protein and crude fat was calculated.

Statistics analyses
-------------------

The SPSS 14.0 software was used to determine the significance of the experimental data and the least significant difference method was used for multiple comparisons. Difference significance was taken at p\<0.05. Results are expressed as mean±standard deviation (SD).

RESULTS
=======

As shown in [Table 2](#t2-ajas-29-9-1309){ref-type="table"}, the ADG in glucose supplemented groups has no different with other groups (p\>0.05). In LDG, the ADG was 12.7% higher than the SG (p\<0.05). The difference of feed conversion between groups was not significant (p\>0.05).

There was no significant difference in apparent protein digestibility between groups (p\>0.05), the digestibility of nitrogen free extract (NFE) and the apparent digestibility of crude fat were not significant different amongst the groups (p\>0.05) ([Table 3](#t3-ajas-29-9-1309){ref-type="table"}).

Puberty onset of gilts in LDG was significantly advanced compared to glucose free groups (p\<0.05). Notably, puberty onset in the HDG was 26 days earlier compared to the SG, and 19 days earlier compared to the LDG ([Table 4](#t4-ajas-29-9-1309){ref-type="table"}) (p\<0.01). Significant changes in the body weight of pubertal gilts was not observed (p\>0.05).

[Table 5](#t5-ajas-29-9-1309){ref-type="table"} shows that serum glucose concentration in glucose supplemented groups did not increase. The insulin level of gilts in HDG was extremely elevated compared to the other groups before puberty (p\<0.05). However, no difference was observed among groups at the onset of puberty (p\>0.05). Serum P and glucagon concentrations of gilts were not affected (p\>0.05). The E~2~, LH, and FSH concentration in HDG was significantly higher than in other groups at the onset of puberty (p\<0.05), but no differences were discovered before puberty (p\>0.05).

DISCUSSION
==========

Palatability is a major factor affecting feed intake and it has been suggested that glucose addition can improve feed palatability. However, feed intake levels of the HDG (containing 30% glucose) declined compared to other groups, indicating that an optimal range of glucose addition may exist. Additionally, body weight gain of animals in the glucose supplemented groups was less than the SG In contrast, the feed conversion ratio acted oppositely, the feed conversion in SG was the lowest, followed by HDG, and LDG. The apparent ability of gilts to digest their diet was not significantly different. This is likely due to the fact that the digestive system of gilts is fully developed at the age of 160 days, resulting in complete digestion of the NFE and fat ([@b4-ajas-29-9-1309]; [@b10-ajas-29-9-1309]).

The mammalian reproductive cycle is controlled by the complex interactions of hormones secreted by hypothalamus, pituitary, and gonads. In this study, puberty onset in animals receiving high glucose feed was significantly advanced compared with the other feed composition groups. It has been previously shown that glucose-induced insulin secretion leads to the GnRH secretion from the hypothalamus, increasing LH and FSH secretion and follicular development, thereby affecting pituitary and ovarian function ([@b7-ajas-29-9-1309]). In a previous study conducted in SD rats, diet supplementation with multivitamin-glucose was added to diets, vaginal opening (an external marker of puberty onset in rodents) occurred earlier, indicating that glucose addition advanced puberty onset in rats ([@b3-ajas-29-9-1309]; [@b11-ajas-29-9-1309]), which is similar to our findings in the pig.

The addition of dietary glucose did not affect the levels of serum glucose. This is likely due to the fact that glucose can induce the secretion of insulin and pancreatic glucagon to regulate blood glucose levels within a stable range. This is similar to findings in rats, where it was shown that high-glucose and high-fat diets have no effect on the blood glucose levels ([@b14-ajas-29-9-1309]). Glucose and insulin play an important role in the reproductive function of prepubertal gilts ([@b9-ajas-29-9-1309]). [@b8-ajas-29-9-1309] suggested that providing an insulin-promoting diet, via glucose supplementation for sows, was a means of stimulating sexual maturity and inducing insulin cycling. The reports mentioned above are very consistent with our current findings in gilts. Insulin as peripheral nutrition signal, not only affects the hypothalamic - pituitary - gonadal axis, but also signals into the reproductive axis via insulin-like growth factor (IGF), growth hormone ([@b9-ajas-29-9-1309]). At present, there are many theories on the relationship between insulin, and other insulin-like factors in regulating reproduction, but much of the data is contradictory and further studies will need to be performed in order to tease apart these relationships. Additionally, studies investigating the optimal levels and timing of glucose supplementation for estrus induction will also be important to conduct.

Our results indicated that serum E~2~, LH, and FSH concentrations were significantly higher upon with glucose supplementation. Previous studies have indicated that IGF-1 can act on ovarian granulosa cells and endometrial cells to produce androgen, which is converted into estrogen via aromatase ([@b7-ajas-29-9-1309]). A high concentration of E~2~ in pubertal gilts is essential for the start of estrus. When gilts got puberty onset, GnRH secretion increased, followed by the secretion of LH and FSH for the start of estrus ([@b7-ajas-29-9-1309]). P concentrations were lower in adolescent animals, even though the concentration of E~2~ increased before the start of estrus, and P content was maintained at low levels ([@b6-ajas-29-9-1309]; [@b16-ajas-29-9-1309]). After uterus, E~2~ levels decreased, while concentration of P began to rise.

IMPLICATIONS
============

In conclusion, current study demonstrated that growth performance of gilts supplemented with glucose in feed was unaffected, but their ADFI improved. Glucose supplementation also significantly advanced puberty onset, significantly increased serum insulin concentrations, slightly affected serum E~2~ concentrations, but had no significant effects on nutrient digestibility, and body weight gain. Appropriate supplementation of glucose in diet can promote the reproductive performance of gilts and have practical uses for breeding.
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###### 

Composition and nutrient level of the test diets (air dry basis)

  Items                                                                       SG[1](#tfn2-ajas-29-9-1309){ref-type="table-fn"}   LDG[2](#tfn3-ajas-29-9-1309){ref-type="table-fn"}   HDG[3](#tfn4-ajas-29-9-1309){ref-type="table-fn"}
  --------------------------------------------------------------------------- -------------------------------------------------- --------------------------------------------------- ---------------------------------------------------
  Ingredients                                                                                                                                                                        
   Corn (%)                                                                   64.41                                              42.63                                               28.11
   Soybean meal (%)                                                           11.24                                              15.27                                               17.95
   Wheat middlings (%)                                                        15.00                                              15.00                                               15.00
   DDGS (%)                                                                   5.00                                               5.00                                                5.00
   Limestone (%)                                                              1.17                                               1.42                                                1.36
   Premix[4](#tfn5-ajas-29-9-1309){ref-type="table-fn"}                       0.40                                               0.40                                                0.40
   Salt (%)                                                                   0.60                                               0.60                                                0.50
   Choline chloride 50%                                                       0.10                                               0.10                                                0.10
   Calcium hydrogen phosphate (%)                                             2.08                                               1.58                                                1.58
   Glucose                                                                    0.00                                               18.00                                               30.00
   Total (%)                                                                  100                                                100                                                 100
  Nutrient levels                                                                                                                                                                    
   CP (%)                                                                     14.00                                              14.00                                               14.00
   Degesitable energy (MJ/kg)[5](#tfn6-ajas-29-9-1309){ref-type="table-fn"}   14.89                                              14.91                                               14.92
   EE (%)                                                                     4.12                                               3.20                                                2.59
   Crude ash (%)                                                              6.07                                               5.92                                                5.79
   C-fiber (%)                                                                3.79                                               3.59                                                3.46
   Ca (%)                                                                     1.00                                               1.00                                                0.98
   TP (%)                                                                     0.76                                               0.65                                                0.62
   Lys                                                                        0.97                                               0.97                                                0.97
   Met+Cys                                                                    0.43                                               0.43                                                0.43

DDGS, distillers dried grains with soluble elements; CP, crude protein; EE, ether extract; TP, total phosphorus.

The starch group (SG) was free of glucose, but containing 64% corn derived starch.

The low-dose group (LDG) containing 19.2% glucose and 44.8% corn derived starch.

The high-dose group (HDG) containing 30% glucose and 30% corn derived starch.

Provided per kg of diet: vitamin A, 240,000 IU; vitamin B~1~, 30 mg; vitamin B~2~, 120 mg; vitamin B~6~, 60 mg; vitamin B~12~, 360 mg; vitamin D~3~, 60,000 IU; vitamin E, 720 IU; vitamin K~3~, 30 mg; biotin, 0.1 mg; folic acid, 6 mg; D-pantothenic acid, 300 mg; nicotinic acid, 600 mg; Cu (copper sulfate), 4 g; Fe (as ferrous sulfate), 4 g; Mn (manganese sulfate), 1.0 g; Zn (zinc sulfate), 2.5 g; I (potassium iodide), 2 mg, Ca (calcium), 150 g, Se (sodium selenite), 6 mg; P (phosphorus), 300 g; sodium chloride 48 g.

DE was a calculated value.

Other nutrient levels were measured values.

###### 

Effects of glucose on growth of gilts

  Items                 SG             LDG            HDG            p value
  --------------------- -------------- -------------- -------------- ---------
  Initial weight (kg)   70.26±2.93     67.22±3.29     71.27±2.53     0.44
  Final weight (kg)     83.22±2.53     79.00±3.63     82.99±2.04     0.25
  ADG (kg)              0.57±0.10      0.51±0.03      0.53±0.05      0.71
  ADFI (kg)             1.96±0.21^a^   2.21±0.14^c^   2.05±0.31^b^   0.00
  F/G                   3.82±0.43      4.47±0.24      4.21±0.39      0.54

SG, starch group; LDG, low-dose group; HDG, high-dose group; ADG, average daily gain; ADFI, average daily feed intake; F/G, feed/gain ratio. In the same row, values with different superscripts differ (p\<0.05).

###### 

Effects of glucose on digestion

  Items                           SG           LDG          HDG          p value
  ------------------------------- ------------ ------------ ------------ ---------
  AIA (%)                         11.05±0.43   10.94±0.35   10.64±0.76   0.67
  CP apparent digestibility (%)   74.08±0.14   75.81±0.93   78.50±0.21   0.96
  NFE digestibility (%)           88.6±0.68    88.2±0.42    87.9±0.59    0.58
  EE apparent digestibility (%)   91.2±0.94    90.9±0.28    87.8±0.84    0.51

SG, starch group; LDG, low-dose group; HDG, high-dose group; AIA, acid insoluble ash; CP, crude protein; NFE, nitrogen free extract; EE, ether extract. In the same row, values with different superscripts differ (p\<0.05).

###### 

Effects on the advent of puberty and body weight of gilts after glucose supplementation

  Items                                  SG               LDG              HDG              p value
  -------------------------------------- ---------------- ---------------- ---------------- ---------
  Age of puberty (d)                     222.51±4.89^b^   215.80±3.52^b^   196.42±1.84^a^   0.00
  Body weight at onset of puberty (kg)   98.84±2.65       95.41±3.56       102.44±4.63      0.54

SG, starch group; LDG, low-dose group; HDG, high-dose group. In the same row, values with different superscripts differ (p\<0.05).

###### 

Serum parameters of gilts of different ages after glucose supplementation

  Items              Age               SG              LDG             HDG             p value
  ------------------ ----------------- --------------- --------------- --------------- ---------
  Glucose (mmol/L)   Beforre puberty   5.93±0.27       5.42±0.22       5.38±0.34       0.57
                     Puberty           5.77±0.20       5.53±0.39       5.51±0.31       0.06
  Insulin (μIU/mL)   Before puberty    6.10±1.99^a^    10.33±2.02^b^   28.66±1.67^c^   0.01
                     Puberty           13.78±1.55      12.15±1.91      14.59±1.49      0.59
  Glucagon (pg/mL)   Before puberty    155.25±5.74     132.75±10.22    146.48±16.72    0.53
                     Puberty           161.89±13.8     155.23±10.2     164.30±10.80    0.83
  E~2~ (pg/mL)       Before puberty    13.55±1.83      16.91±1.56      18.59±1.15      0.56
                     Puberty           25.66±1.52^a^   27.78±2.31^a^   33.62±2.43^b^   0.02
  P (pg/mL)          Before puberty    10.34±0.17      9.95±0.15       10.79±0.80      0.71
                     Puberty           13.31±0.12      24.04±0.27      13.24±0.56      0.08
  LH (ng/mL)         Before puberty    0.21±0.03       0.23±0.02       0.23±0.04       0.91
                     Puberty           1.55±0.32^a^    1.61±0.30^a^    1.83±0.26^b^    0.04
  FSH (ng/mL)        Before puberty    1.86±0.25       1.83±0.14       1.93±0.30       0.87
                     Puberty           2.10±0.41^a^    2.20±0.36^a^    2.61±0.39^b^    0.02

SG, starch group; LDG, low-dose group; HDG, high-dose group; E~2~, estradiol; P, progesterone; LH, luteinizing hormone; FSH, follicle-stimulating hormone.

In the same row, values with different superscripts differ (p\<0.05)
